A novel biosensor for sensitively detecting potassium ion (K + ) has been developed based on fluorescent copper nanoparticles (Cu NPs). In our design, we employ a label-free single-strand DNA (ssDNA) that contains two parts. One is 3′-terminus structure-switching aptamers (SSAs) that can fold into G-quadruplex after binding with its target K + . The other is 5′-terminus poly thymine (polyT) which works as a template to construct fluorescent Cu NPs. After incubating with K + , the part SSAs go through target-induced conformational changes. Benifiting from the exceptional digestion ability of exonuclease I (Exo I), the G-quadruplexes display effective resistance to nuclease digestion, so that 5′-terminus polyT remains and the in situ formation of Cu NPs provides a turn-on fluorescent signal that is used to evaluate the concentration of K + . The recovery of the fluorescence intensity is linearly correlated with the K + concentration in the range of 0.05 to 1 mM with a detection limit of 0.05 mM. Compared with some methods, this assay is cost-effective and facile with high specificity. Meanwhile, this excellent strategy shows a great potentiality in other sensing approaches that can study the interaction between similar SSAs and different specific targets.
Introduction
Potassium ion (K + ) is one of the most necessary cations in the human body, since it has a great influence on many regulating physiological functions, including hyperpolarization in the signal transduction of neurons, cellular osmotic pressure, apoptosis, pH balance, muscular strength, and renal function. [1] [2] [3] [4] [5] Therefore, it is still highly essential and urgent to develop novel K + probes or efficient detecting approaches with high specificity and sensitivity.
Up to now, many K + probes, such as nucleic acid-based aptamers, have been reported. [6] [7] [8] Nucleic acid-based aptamers that are generated by a systematic evolution of ligands with an exponential enrichment (SELEX) process and obtained through selections, 9 are artificial single-stranded DNA (ssDNA) or RNA sequences that can recognize specific biological molecules with a wide range, such as small molecules, 10 organic compound, 11 proteins 12 or even whole cells. 13 With outstanding stability, high affinity, excellent selectivity, easy modification, as well as low immunogenesis, nucleic acid-based aptamers have successfully attracted the increasing attention of researchers, and have been widely used in food safety, diagnosis, cell imaging and drug delivery. [14] [15] [16] [17] [18] Among nucleic acid-based aptamers, different from normal affinity adsorption, a kind of aptamers, named structureswitching aptamers (SSAs), which are able to experience conformational changes and to fold into secondary structures, like a G-quadruplex or a Y-shape structure when binding with the specific targets, have been extensively utilized to construct various biosensors. 19, 20 If the secondary structures happen to be at the end of the ssDNA, they can effectively resist degradation from the 3′-termini specific exonuclease I (Exo I). Based on the terminal protection, there is a growing number of studies concerning the interaction between nuclear acids and specific targets. For example, Jiang et al. reported on the quantitative analysis of the interaction of folate with a tumor biomarker of the folate receptor. 21 Wei et al. developed a novel method to sensitively detect adenosine triphosphate (ATP). 22 All of the studies indicate that terminal protection is a desirable strategy to fabricate new biosensors, and are prospectively used in more sensing platforms.
Herein, inspired and encouraged by the structure-sensitive terminal protection strategy, we combine SSAs with metal nanoparticles. Metal nanoparticles have attracted increasing attention due to their desirable properties, including easy synthesis, low toxicity, and sequence dependence. Recently, nanoparticle-based analytical methods were explored in many sensing detecting platforms, such as heavy metal ions, 23 antibodies, 24 and enzymes. 25 In our study, we form poly thymine (polyT)-templated fluorescent Cu NPs to work as the fluorescent signal, since Qing et al. proved that single-stranded polyT could be applied as an excellent template to form fluorescent Cu NPs. 26 Compared with other metal nanoparticles, Cu NPs are low-cost and easy to synthesize. Additionally, the polyTtemplated fluorescence produced is highly efficient and accomplish within a few minutes after the start of construction under suitable conditions. 27, 28 In this study, we explore a simple and rapid strategy to label-free detect K + with the assistance from Exo I, which is capable of distinguishing folding and unfolding aptamers. The sequences of the SSAs we have used are (5′-3′): TGA GGG TGG GGA GGG TGG GGA A, which specifically recognize K + and effectively avoid interferences from other metal ions especially sodium ion (Na + ), as previously reported, 20 will take place the conformational change after binding with targets K + . Due to the structural selectivity of Exo I, the 3′-terminus G-quadruplexes display effective resistance to the digestion of Exo I. As a result, 5′-terminus polyT part remained and trigger the formation of Cu NPs. According to the obvious Cu NPs fluorescence, we successfully develop a novel method to accomplish a quantitative analysis of the K + concentration.
Experimental

Reagents and materials
HPLC-purified DNA oligonucleiotides were obtained from Shanghai Sangon Biological Engineering Technological Co., 
Apparatus
Transmission electron microscopy (TEM) was conducted on a field-emission high-resolution 2100F TEM (JEOL, Japan) with a 200-kV acceleration voltage. Inductively coupled plasma mass spectrometry (ICPMS) was operated on an ICPMS 7700 (Agilent, USA). Fluorescence measurements were carried out on an FL-7000 spectrometer (Hitachi, Japan). The fluorescence emission spectra were recorded from 530 to 660 nm with a 340 nm excitation wavelength at room temperature. The slits for excitation and emission were set at 5 and 10 nm, respectively.
Target binding and cleavage reaction
Firstly, a 50-μL binding reaction solution (20 mM Tris-HCl, 2 mM MgCl2, pH 7.6) containing 4 μM substrate ssDNA and various concentrations of K + was pre-incubated at 20 C for 60 min to make sure that the SSAs part of the substrate ssDNA could bind with its target K + , and fold into G-quadruplexes. Then, 20 U Exo I was added to the system and incubated at 37 C for a corresponding time. Subsequently, the digestion reaction was ended by heating at 90 C for 10 min.
The formation of fluorescent Cu NPs
After cooling down to room temperature, NaCl, CuSO4 and sodium ascorbate were introduced at the optimized concentration. Then, the construction of fluorescent Cu NPs could be triggered if the 5′-terminus polyT part of substrate ssDNA remained; after another incubation of 5 min, the fluorescence emission spectra were recorded.
Gel electrophoresis experiment
In this section, 4% agarose gel electrophoresis proved the capability that Exo I could distinguish folding and unfolding SSAs. The reaction solution obtained was loaded on the gel for electrophoresis. This procedure was conducted at a constant potential of 101 V. Finally, the images were indicated by goldview and ethidium bromide, which could be visualized via a Tanon 4200SF gel imaging system (Tanon Science & Technology Co., Ltd., China)
Results and Discussion
Sensor design
A novel sensing platform based on polyT-templated fluorescent Cu NPs for detecting K + was designed, as shown in Scheme 1. In this work, we designed a label-free substrate ssDNA that could be divided into two parts. In the absence of targets K + , 3′-terminus SSAs parts that specifically recognize K + failed to undergo the target-induced conformational change. Because there were no second structures to protect, the substrate ssDNA including the 5′-terminus polyT parts was cleaved into mono-or oligonucleotide fragments by Exo I. Without any template to construct Cu NPs, the low fluorescent signal was detected. However, in the presence of K + , the 3′-terminus SSAs parts binded with K + and folded into G-quadruplexes. These second structures resisted the degradation of 3′-terminus structuresensitive Exo I. Due to successful terminal protection, the 5′-terminus polyT parts remained and provided a template to construct fluorescent Cu NPs. According to the obvious turn-on fluorescent signal, we achieved a quantitative analysis of the K + concentration.
Performance of the method
We synthesized fluorescent Cu NPs according to a previous report, and further characterised it by TEM (Fig. 1A) . The monodispersed fluorescent Cu NPs synthesized in this study were 2 -6 nm. We also investigated the fluorescent property of synthesized Cu NPs. The emission and excitation spectrum (Fig. 1B) were the same as reported, 29 indicating that we succeeded to form fluorescent Cu NPs. To investigate the feasibility of the assay, emission spectra were recorded. As shown in Fig. 1C , in the presence of K + (5 mM), the system showed strong fluorescence emission at a wavelength of about 602 nm when excited at a wavelength of 340 nm (curve a), while in the absence of K + , the signal was very weak (curve c). We then tested the influence of Mg 2+ , which had the same concentration as it was in the binding reaction buffer, what we observed was that the fluorescence was as weak as the system without K + (curve b). These results revealed that the presence of K + was a vital element to produce fluorescence. We also proved efficient terminal protection by the gel electrophoresis experiment (Fig. 1D) . In the absence of K + , there was no band in lane 3 after introducing Exo I. Only when we added K + , could the substrate ssDNA remain, and show a band in lane 2, which was consistent with reports before that the SSAs parts only specifically recognized K + and then folded into G-quadruplexes to prevent the cleavage reaction of Exo I. 20 On the basis of above data and images, we successfully synthesized Cu NPs and proposed a new analytical method to detect K + .
Optimization of experimental conditions
In order to obtain the desirable performance and optimal signal responses of the method, some vital parameters, such as the system of Cu NPs synthesis, units of Exo I, cleavage reaction time, concentration of copper ion (Cu 2+ ) and ascorbate, we carried out optimization experiments. Firstly, we investigated the systems of Cu NPs synthesis among Tris-HCl, HEPES, MOPs and water (Fig. 2A) . The result indicated that all of them were suitable environments to form Cu NPs. But considering the repeatability of a previous experiment, 20 we chose Tris-HCl as the reaction buffer. The units of Exo I have a great effect on the fluorescent signal intensity because insufficient Exo I may not cleave the ssDNA totally, and any remaining polyT may cause a false positive signal. Considering the duration of our method, we chose 120 min as the longest reaction time we can accept, and then optimize the units of Exo I. Figure 2B indicates that in a 120-min cleavage reaction time, at least 20 U Exo I could cleave the substrate ssDNA completely. We then chose 20 U Exo I to optimize the cleavage reaction time. From  Fig. 2C , we observed that the fluorescent intensity decreased from 0 to 120 min, and reached a platform when having reacted for 90 min. We chose a 90-min reaction time as the optimal condition. As the fluorescent signal, Cu NPs formation is one of the vital procedures in this method. After investigating the influences of Cu 2+ and ascorbate, which were important conditions in the process of forming Cu NPs (Figs. 2D and 2E) , the optimized concentrations of 500 μM Cu 2+ and 2 mM ascorbate were used in subsequent research.
The detection of K +
The fluorescence responses toward various K + concentrations, as shown in Fig. 3A , depicted that in the absence of K + , the fluorescence intensity was very weak. This result was ascribed to the cleavage of polyT and a failure of fluorescent Cu NPs construction. However, adding K + to the reaction system and increasing its concentrations from 50 μM to 10 mM led to a gradual increase of the fluorescent signal, and eventually to a platform. This observation demonstrated that relying on the exceptional structure-sensitivity capability of Exo I, the SSAs could prevent the cleavage of Exo I after incubating with K + . These findings suggested that this method indeed offers a specific and sensitive platform for K + detection under the bestcase conditions.
The strong fluorescent peak at 602 nm linearly correlated with the K + concentration in the range from 0.05 to 1 mM, as shown in Fig. 3B . The calibration equation was F = 994.275c + 416.614 with a regression coefficient of R 2 = 0.991, where c represents the K + concentration (mM). The limit of detection (LOD) was estimated to be 0.05 mM according to the 3σ rule. The sensitivity of this method is lower than those previously reported ( Table 1 ), suggesting that a feasible and potential biosensor for sensitive K + assays has been successfully demonstrated.
The specificity and selectivity
To verify the specificity of the method, a selectivity experiment was investigated under the same conditions by examing the fluorescence response to Na + , Mg 2+ , Ca 2+ , NH4 + , Li + and a mixture of Na + and K + . As shown in Fig. 4 , an obvious fluorescence enhancement was observed only when K + was present, while other ions showed no significant fluorescence intensity increase, since other ions could not trigger folding of the SSAs parts into G-quadruplexes to resist Exo I digestion. This result revealed the excellent specificity of the method for detecting K + against other metal ions.
Detecting K + in human serum
Clinically, detecting K + in a biological sample is important for disease diagnostics. It is reported that to keep the normal biological environment, the level of K + in serum must be 3.5 -5.5 mM. 20 We then applied this method to detect K + in diluted human serum. As can be seen in Table 2 , the desirable result revealed that this biosensor had great feasibility in real biological systems.
Conclusions
In summary, a specific biosensor based on a terminal protection strategy and fluorescent Cu NPs was demonstrated for K + detection. Compared with other assays, this label-free method eliminates the need for using the traditional organic dye and labeling of ssDNA, which greatly reduces the cost. As far as we know, this work is the first K + detecting method that combines exceptional structural sensitivity of Exo I with fluorescent Cu NPs. Additionally, the principle can be employed to the detection of other targets, like small molecules, proteins, and to further study the interaction between aptamers and biological targets. 
